Data on the structures of cell wall teichoic acids, the anionic carbohydrate-containing polymers, found in many Gram-positive bacteria have been summarized and the polymers of the actinomycete genus Nocardiopsis have been considered from the taxonomic standpoint. The structures of these polymers or their combinations have been demonstrated to be indicative of each of seven Nocardiopsis species and two subspecies, verified by the DNA^DNA relatedness data, and to correlate well with the grouping of the organisms based on 16S rDNA sequences. As each of the intrageneric taxa discussed is definable by the composition of teichoic acids, the polymers are considered to be valuable taxonomic markers for the Nocardiopsis species and subspecies. The 13 C NMR spectra of the polymers, data on the products of their chemical degradation, and distinguishing constituents of whole cell walls derived from teichoic acids are discussed, which are useful for identification of certain polymers and members of the genus Nocardiopsis at the species and subspecies level in microbiological practice. ß
Introduction
The past decade has witnessed an extraordinary increase in methodological approaches towards bacterial systematics, including the introduction of rapid sequence protocols for the analysis of RNA and DNA allowing the determination of relationships between prokaryotic organisms. However, due to di¡erences in the tempo and mode of gene and protein evolution that exist between organisms, the phylogenetic branching pattern of bacterial lineages per se cannot be used to de¢ne hierarchical classi¢cations. Additional information is needed to facilitate the delineation of genera, species and higher taxa at the phenetic level and to meet the demands of both phylogenetic coherence and the requirement for common phenotypic characters necessary for unambiguous description of bacterial taxa and reliable identi¢cation of their members.
Large molecules and polymers of cells and cell envelopes have contributed signi¢cantly to an improved classi¢cation of the order Actinomycetales embracing a large group of Gram-positive bacteria of immense physiological, biochemical and morphological diversity, which are well known for their capacity to produce antibiotics and other biologically active substances [1] . However, the limited number of the traditionally used chemotaxonomic characteristics based on these cell constituents, i.e., cell wall chemotype [2, 3] , phospholipid type [4] , menaquinone [5] and fatty acid composition [6] , presence and type of mycolic acids [7] , often does not provide su¤cient markers for phenetic delineation of the actinomycete taxa newly described or revised mainly on the basis of phylogenetic data. There is also a special problem of reliable description and di¡erentiation of bacterial species in accordance with the current bacterial species de¢nition [8] . On the other hand, many cell polymers and molecules have still not been determined or evaluated for their taxonomic value [9] . Their characterization from the taxonomic standpoint could provide new tools for bacterial classi¢cation and a more focused identi¢cation of new organisms at di¡erent taxonomic levels.
Teichoic acids are anionic carbohydrate-containing polymers, which occur in many Gram-positive bacteria and are associated with the cytoplasmic membrane (lipoteichoic acids) [10] or covalently linked by phosphodiester bridges to muramic acid residues in peptidoglycan (cell wall teichoic acids) [11] . The possible application of lipoteichoic acids in bacterial taxonomy has been discussed previously [10] . The data on the cell wall teichoic acids accumulated by now for Gram-positive bacteria, mainly actinomycetes, have demonstrated their potential for bacterial systematics [12^15].
The physiological role of teichoic acids is thought to be in ion exchange and control of the activity of autolytic enzymes that, in turn, are important for growth and division of the bacterial cell [16] . Teichoic acids may constitute 60% of the cell wall and are essential for the normal functioning of the bacterial cell, which spends a signi¢cant amount of energy on the synthesis of these polymers. About 10 genes were shown to be involved in the control of the synthesis of glycosylated poly(glycerol phosphate) teichoic acid in Bacillus sp. and of an oligomeric unit linking this polymer to peptidoglycan [17^19]. The cell displays a morphological abnormality when the content of this polymer in the cell wall is below the norm, and mutant bacilli lacking teichoic acids are not found, since they appear to be unviable [16] . Other functions of these polymers are related to phage binding [20] and immunogenicity [21] .
The involvement of cell wall teichoic acids in vital cell functions and their great structural diversity (see below), expressed by the information coded in various genes, as well as their wide occurrence in Gram-positives, suppose a correlation of these polymers with other taxonomic properties and suggest their applicability to the systematics of the respective microorganisms.
The occurrence of cell wall teichoic acids cannot be predicted from the phylogenetic position of taxa but, if present, they identify phylogenetically related organisms, i.e., all tested strains belonging to the suborder Streptosporanginea (including the families Streptosporangiaceae, Nocardiopsaceae, and Thermomonosporacea) and most organisms of the family Streptomycetaceae [15, 22] . The absence of teichoic acids in some phylogenetically de¢ned taxa is worth mentioning in the phenotypic description of the respective taxa, such as in the suborder Pseudonocardineae, and in the members of the genera Cellulomonas, Promicromonospora, Micrococcus, Koccuria, Kytococcus, Nesterenkonia, and Dermabacter [23, 24] , which are characterized by peptidoglycan containing lysine. The structural elements of cell wall teichoic acids are re£ected in some widely used chemotaxonomic characteristics of the generic and suprageneric levels, e.g., madurose (3-O-methyl-D-galactose) [15, 25] which is the diagnostic component of the cell wall pattern B [2, 3] . An observation that the species within a genus may have structurally dissimilar teichoic acids was reported for the ¢rst time for staphylococci [26] . The relevant data published for some actinomycete genera (e.g., Streptomyces, Actinomadura, Glycomyces, Nocardioides) have demonstrated that the structures of the polymers can be indicative of the species [15,25,27^34] .
However, the taxonomic value of the teichoic acid structures was not estimated for the majority of actinomycete groups, including the large genus Streptomyces, because the data on these polymers are insu¤cient and the validity of most species has not yet been veri¢ed phylogenetically, in accordance with the current bacterial species de¢nition [8] . The genus Nocardiopsis [35, 36] is an example where most species have been justi¢ed by DNA^DNA reassociation data [37^40] and the structures and composition of teichoic acids have been identi¢ed in the respective organisms.
In this work, the main structural types and subtypes of the cell wall teichoic acid structures found in bacteria to date are considered and the data on the cell wall teichoic acids of the genus Nocardiopsis are summarized from the taxonomic standpoint. This genus should serve as an example for the usefulness of teichoic acids in the polyphasic approach to actinomycete classi¢cation. The material presented illustrates that structures, products of chemical degradation of the polymers, and NMR spectra are indicative of species and subspecies of the genus Nocardiopsis, and these characteristics can be fruitfully used in taxonomic practice.
The genus Nocardiopsis
The genus Nocardiopsis was described by J. Meyer [35] to comprise actinomycetes with fragmenting mycelium and cell wall chemotype III C (with the meso isomer of diaminopimelic acid and no characteristic sugars in whole-cell hydrolysates). Subsequently, the genus description was amended by Grund and Kroppenstedt [36] , and only the organisms with the cell wall chemotype III C, phospholipid type P III (phosphatidylcholine and phosphatidyl-methylethanolamine as characteristic phospholipids), menaquinone MK-10 with variable degrees of saturation as the major isoprenoid quinones, fatty acids of the 3d type, and a DNA G+C content ranging between 64 and 71 mol% were proposed to be included in this genus. The taxonomic coherence of this generic grouping was con¢rmed by 16S rDNA sequence analysis [40, 41] .
Members of the genus Nocardiopsis are known mostly as soil and clinical isolates [35,36,42^50] . A number of strains were also obtained from an Antarctic glacier, dust, the rhizosphere of actinorhizal plants, the gut tract of animals, saltern, etc. [40,45,51^53] . Like other actinomycetes, Nocardiopsis spp. are capable of producing metabolites with biological activities [45, 50, 54, 55] . It should be also mentioned that a number of organisms cited as Nocardiopsis spp. in some previous publications were reclassi¢ed into other genera [45,56^59] .
The current genus Nocardiopsis contains 10 validly described species and eight of them, with the exception of N. halophila and N. kunsanensis, are veri¢ed by DNA^DNA relatedness data [37^40, 42, 53] . These two species, however, were shown to represent distinct phyletic lines that can be equated with genomic species [53] . At the phenetic level, the di¡erentiation of Nocardiopsis species is based on the color of the aerial and vegetative mycelium ; di¡usible pigments, menaquinone composition, and physiological characteristics, including halotolerance, growth at di¡erent pH and temperatures [36,38^40,42,45,53] . Recent study of the cell wall teichoic acids shows that the structure and composition of these polymers can be used for di¡erentiation and identi¢cation of Nocardiopsis species as well.
Structural types of cell wall teichoic acids
Among the cell wall teichoic acids studied, the following four structural types can be determined depending on the composition of main chains: polymers with the chain consisting of only polyol phosphate residues or glycosylpolyol phosphate residues, joined by phosphodiester bonds (types I and II, respectively), and polymers of mixed structures, glycosyl-1-phosphate in addition to polyol phosphate residues (type III), or alternating units of poly(polyol phosphate) and poly(glycosylpolyol phosphate) (type IV):
Several factors contribute to the structural diversity of teichoic acids : the di¡erent nature of the polyol and sugar (amino sugar) residues that might serve both as an integral part of the main chain and as lateral branches linked to the polyol residues via glycosyl bonds; di¡erent kinds of phosphodiester bonds; varying O-acyl residues. Chains void of glycosyl and acyl substituents are known. Below, these main types of teichoic acids and their occurrences are brie£y considered.
Poly(polyol phosphate) teichoic acids (type I)
Polymers of type I contain glycerol, ribitol, mannitol, erythritol, or arabitol as a polyol in the main chain, and, respectively, the main chain is poly(glycerol phosphate), poly(ribitol phosphate), poly(mannitol phosphate), poly-(erythritol phosphate) or poly(arabitol phosphate) chain (Table 1) . Eight subtypes can be distinguished within this type, based on variations of the polyols and the localization of phosphodiester bonds.
Poly(glycerol phosphates) are represented by 1,3-poly-(glycerol phosphate) and 2,3-poly(glycerol phosphate) polymers (Table 1) . In 1,3-poly(glycerol phosphates), phosphodiester bonds link C-1 and C-3 of glycerol residues (subtype I-G 1,3) [11, 13, 19, 27, 32 ,60^67] and in 2,3-poly-(glycerol phosphates), C-2 and C-3 residues (subtype I-G 2,3) [19, 27, 32, 68, 69] . Glucose, galactose, and N-acetylated amino sugars are the most common glycosyl substituents which are located at C-1 or C-2 of glycerol. O-D-Alanyl, O-L-lysyl or O-acetyl are also found [19] . Poly(glycerol phosphates) are the most widely occurring bacterial cell wall teichoic acids. Among poly(ribitol phosphates), the subtype I-R 1,5 polymers (phosphodiester bonds link C-1 and C-5 of ribitol) are the most frequently found and occur in many Grampositives [11,13^15,19,34,60,61 ,70^74]. The following substituents were determined in these polymers: glucose, rhamnose, 3-O-methylrhamnose, N-acetylated amino sugars, both ribitol phosphate and glycerol phosphate side chains, as well as O-L-lysyl, O-D-alanyl, and O-succinyl residues and pyruvate ketal groups [19] . Only the unsubstituted 3,5-poly(ribitol phosphate) teichoic acid (subtype I-R 3,5) has been found to date (in Nocardiopsis alba and Nocardiopsis prasina) [74, 75] .
The details of structures of the type I teichoic acids with other polyols in the main chain are given in Table 1 . These are poly(erythritol phosphate) found in Glycomyces tenuis [31] and Brachybacterium spp. [76, 77] , poly(mannitol phosphate) detected in Brevibacterium spp. [13, 67, 78] and Bi¢-dobacterium bi¢dum [79] , and poly(arabitol phosphate) occurring exclusively in Agromyces cerinus subsp. cerinus [80].
Poly(glycosylpolyol phosphate) teichoic acids (type II)
Five subtypes of poly(glycosylpolyol phosphate) polymers can be de¢ned, based on the combination of certain polyols (glycerol or ribitol) and sugars in the main chain and the position of phosphodiester bonds between the polyol and sugar (Table 1 ). In the known poly(glycosylglycerol phosphates), an sn-glycerol-3-phosphate residue is always involved in the phosphodiester bond [61, 81] and the glycosyl substituents are usually positioned at C-1 of glycerol of the main chain. The polymers with the phosphodiester bond located at C-6 of the sugar substituent (subtype II-GS 3,6) are the most widespread [11, 15, 19, 25, 30, 68 ,82^84]. Other structural variations are characterized by the phosphodiester bonds at C-3 or C-4 of the sugar (subtypes II-GS 3,3 and II-GS 3,4) [29, 33, 85, 86] .
Poly(glycosylribitol phosphates) (subtypes II-RS 5,3 and II-RS 5,6) are known to contain the glycosyl substituents at C-1 and are found in Agromyces cerinus subsp. nitratus [87] and streptococci [88, 89] .
Poly(polyol phosphate-glycosyl phosphate) teichoic acids (type III)
A teichoic acid of this type, containing glycerol phosphate and sugar-1-phosphate within the integral portion of the chain (Table 1) , has been identi¢ed only in staphylococci [61, 90] .
Poly(polyol phosphate-glycosylpolyol phosphate)
teichoic acids, mixed structure (type IV)
The core of this polymer type consists of alternating units of poly(glycerol phosphate) and poly(glycosylglycerol phosphate) chains. Both glycerol phosphate and L-Nacetylgalactosaminylglycerol phosphate residues are present within the integral portion of the chain. This structure has been found exclusively in N. dassonvillei subspecies [91, 92] and is discussed in detail in Section 5.1. [28] . Methods of extraction, puri¢cation and identi¢cation of cell wall teichoic acids of actinomycetes have been described in detail previously [62, 91] . For the cell wall teichoic acid isolation, a native cell wall was obtained from crude mycelium by fractional centrifugation after preliminary disruption by sonication, and puri¢ed using 2% sodium dodecyl sulfate to avoid possible contamination with membrane compounds, including lipoteichoic acids. The polymers were extracted with 10% trichloroacetic acid, puri¢ed by ion exchange chromatography and identi¢ed using chemical and NMR spectroscopy methods. The chemical methods consist of the analysis of products formed on acid and alkaline degradation of the polymers. The molecular mass of the extracted teichoic acids was determined on Sephadex G-50 by comparison with teichoic acids of known molecular mass [62] . NMR has been used to analyze the 13 C and 1 H NMR spectra of the teichoic acids, which provided information on the degree of polymer regularity, the type of alditol and sugars, the number of sugar residues in the repeating unit, their ring sizes, the non-carbohydrate substituents, etc. In most cases, a combination of chemical and NMR techniques is necessary. For example, chemical degradation data alone are inadequate for identifying the bonds between the repeating units of the teichoic acids of Nocardiopsis dassonvillei, but this can be done successfully by NMR spectroscopy. On the other hand, the chemical approaches permit one to identify minor components of the polymers which cannot be detected by NMR.
Determination of teichoic acid structures
Cells for teichoic acid analysis may be grown on any suitable liquid medium supplemented with K 2 HPO 4 involved in the polymer biosynthesis. Usually cells grown in peptone-yeast extract medium (5 g peptone, 3 g yeast extract, 5 g glucose and 0.2 g K 2 HPO 4 per liter, pH 7.0) are used
Cell wall teichoic acids of Nocardiopsis species and subspecies
Until now, teichoic acid structures have been studied in 27 strains belonging to seven validly described Nocardiopsis species veri¢ed by data on DNA^DNA relatedness All 18 strains of N. dassonvillei subsp. dassonvillei studied [40] , including the type strain VKM Ac-797 T , were found to contain in their cell walls about 20% teichoic acid of identical structure and of the subtype IV-GS. The core is composed of alternating units of poly(glycerol phosphate) and poly(glycosylglycerol phosphate) chains and has about 13 repeating units which consist of both glycerol phosphate and L-N-acetylgalactosaminylglycerol phosphate residues (Fig. 1a) . The polymer of this structure gives unusual products on alkaline hydrolysis, including phosphodiester E-3, characteristic of N. dassonvillei subsp. dassonvillei, which contains two glycerol residues, one Nacetylgalactosaminyl residue, and three phosphate groups [P-(3/4)-GalNAc-1C2-Gro-3-P-1-Gro-2-P]. On acid hydrolysis, glycerol mono-and diphosphates, galactosamine, glycerol, and inorganic phosphate are formed [91] .
N. dassonvillei subsp. albirubida
The cell wall of N. dassonvillei subsp. albirubida VKM Ac-1882
T contains about 18% of the teichoic acid which resembles in its structure the polymers of N. dassonvillei subsp. dassonvillei and belongs to the same structural IV-GS subtype. However, the phosphodiester bond is positioned at C-4 of the amino sugar rather than at the C-3 characteristic of N. dassonvillei subsp. dassonvillei, and the C-3 position is occupied by an O-succinyl substituent in most glycosyl residues (Fig. 1b) [92] . These di¡erences result in a di¡erent behavior of the polymer on alkaline hydrolysis. In contrast to N. dassonvillei subsp. dassonvillei, only trace amounts of ester E-3 are formed from the polymer of N. dassonvillei subsp. albirubida. The molecular mass of the teichoic acid is close to 10 kDa, which is consistent with the presence of 14^15 repeating units.
N. trehalosi
The cell wall of N. trehalosi VKM Ac-942 T has about 30% of the 1,3-poly(glycerol phosphate) (subtype I-G 1,3) substituted with L-glucosyl residues (Fig. 1c) . The degree of substitution is about 60%. The characteristic feature of this polymer is resistance to alkaline degradation. On acid hydrolysis, glycerol mono-and diphosphates, glycerol, glucose, and inorganic phosphate are formed. The polymer chain consists of about 31^33 repeating units [60] .
N. tropica
The cell wall of N. tropica VKM Ac-1457
T contains nearly 45% of the teichoic acid represented by an assortment of heterogeneous 1,5-poly(ribitol phosphate) chains (subtype I-R 1,5) with lateral glycerol phosphate oligomers. The latter are bound to C-3 of the portion of ribitol residues of the main chains (Fig. 1d) . The chains di¡er in the number of glycerol phosphate units in the lateral oligomers and the number of substituted ribitol phosphate units [71] . The polymer yields identical products on acid and alkaline hydrolyses: glycerol mono-and diphosphates, glycerol, ribitol mono-, di-, and triphosphates, anhydroribitol phosphate, ribitol, anhydroribitol, and inorganic phosphate. The molecular mass of the chains is 5.49 kDa.
The Nocardiopsis alba species group
The organisms of four species of this group are characterized by di¡erent combinations of structurally distinct sets of the following polymers: unsubstituted 3,5-poly(ribitol phosphates) (TA1, subtype I-R 3,5), 1,3-poly(glycerol phosphates) substituted with K-N-acetylglucosamine at C-2 of glycerol residues (TA2, subtype I-G 1,3), and 1,5-poly(ribitol phosphates) with 2,4-pyruvate ketal groups (TA3, subtype I-R 1,5) [60, 74, 75] . The structurally analogous teichoic acids of di¡erent species vary in molecular mass and, accordingly, in chain length. In addition, the TA2 polymers di¡er in the proportion of substituted glycerol phosphate units.
Both acid and alkaline hydrolysis of the TA1 polymer yield identical phosphoric esters, ribitol mono-and diphosphates. Formaldehyde and phosphorus in equimolar amounts as the products of periodate oxidation of the polymer di¡erentiate this polymer from unsubstituted 1,5-poly(ribitol phosphate). On acid hydrolysis of TA2, glycerol mono-and diphosphates, glucosamine, glycerol, and inorganic phosphate are formed. Alkaline degradation yields the same phosphoric esters, glycerol, and a small amount of glycerol phosphodiesters containing N-acetylglucosamine. TA3 is resistant both to alkaline hydrolysis and to periodate oxidation. Ribitol mono-and diphosphates, ribitol, inorganic phosphate, and pyruvic acid are the major products of acid hydrolysis. 
5.4.1.. N. alba
The cell walls of three strains of N. alba (VKM Ac-1883 T , VKM Ac-1879, VKM Ac-1884) were found to contain 3^3.5% of phosphorus and all the above polymers, TA1, TA2, and TA3, in varying amounts [74] . TA1 (unsubstituted 3,5-poly(ribitol phosphate)) of this species consisted of 26^27 ribitol phosphate units (Fig. 1e) . TA2 of N. alba is a 1,3-poly(glycerol phosphate) with about 10% glycerol phosphate units substituted with K-N-acetylglucosamine (Fig. 1f) ; the polymer chain has about 40 glycerol phosphate units. TA3 is a 1,5-poly(ribitol phosphate) with each ribitol phosphate unit carrying a 2,4-pyruvate ketal group (Fig. 1g) . The polymer chain consists of about 18 ribitol phosphate units.
N. prasina
The type strain N. prasina VKM Ac-1880 T contains two teichoic acids, TA1 with a chain length close to that of the analogous polymer of N. alba, and TA2, where 10% glycerol phosphate units were substituted by the residues of K-N-acetylglucosamine and 5% units had O-acetyl groups. The molecular mass of the N. prasina TA2 is close to 6 kDa [75].
N. listeri
In the cell wall of N. listeri VKM Ac-1881 T , TA2 and TA3 were determined. About 50% of poly(glycerol phosphate) residues in TA2 were substituted with K-N-acetylglucosamine (in comparison with 10% substitution in the equivalent polymer of N. alba). The molecular mass of the polymer was 6.6 kDa, which corresponds to approximately 22^23 glycerol phosphate residues. TA3 was 1,5-poly(ribitol phosphate) with each ribitol phosphate unit substituted by a 2,4-pyruvate ketal group; its molecular mass was 10 kDa (equivalent to approximately 36^37 ribitol phosphate units) [60] .
N. lucentensis
Strain VKM Ac-1962 T possessed only the TA2 polymer having a substitution with K-N-acetylglucosamine residues close to 50%, which is similar to the analogous polymer of N. listeri. The cell wall contained about 30% teichoic acid. The molecular mass has been approximated to 8 kDa corresponding to 31^32 glycerol phosphate residues [60] . 6 . Application of wall teichoic acid composition in taxonomy of the genus Nocardiopsis
Structures of cell wall teichoic acids and their combinations are chemical markers of intrageneric taxa
As shown above and summarized in Table 2 , the Nocardiopsis species and subspecies are de¢nable by the composition of teichoic acids, and these polymers can be considered a valuable chemotaxonomic marker for the intrageneric taxa of Nocardiopsis. The full identi¢cation of the polymers by chemical and NMR methods, as described in detail elsewhere [60, 71, 74, 75, 91, 92] , permits one to determine the species and subspecies a¤liations of strains assigned to the genus by the common phenetic generic criteria or by 16S rDNA analysis [36, 40, 41] . More importantly, some cell wall teichoic acids have never been reported in other prokaryotes and have been found Table 2 Teichoic acids of Nocardiopsis species and subspecies Table 1 .
only in certain species of the genus (Table 2) : the unsubstituted 3,5-poly(ribitol phosphate) (TA1), pyruvilated 1,5-poly(ribitol phosphate) (TA3), 1,5-poly(ribitol phosphate) with the lateral glycerol phosphate oligomers, an unusual teichoic acid with the core composed of the alternating units of poly(glycerol phosphate) and poly(glycosylglycerol phosphate) chains in N. dassonvillei subsp. dassonvillei, and a similar polymer with glycosyl residues occupied by the O-succinyl residues. The structures and combinations of teichoic acids in the Nocardiopsis spp. under discussion correlated well with the phylogenetic grouping of strains, determined by 16S rDNA sequence analysis [40, 41] . The organisms of N. dassonvillei with the poly(polyol phosphate-glycosylpolyol phosphate) teichoic acids fall into a common phylogenetic cluster. The members of the Nocardiopsis alba group (N. alba, N. prasina, N. listeri, and N. lucentensis) containing the di¡erent combinations of TA1, TA2 and TA3 formed the second close phylogenetic cluster. The species N. tropica and N. trehalosi, which possess markedly di¡erent teichoic acids (1,5-poly(ribitol phosphate) with lateral glycerol phosphate oligomers and 1,3-poly(glycerol phosphate) substituted with L-glucosyl residues), show a lower phylogenetic relationship with both N. dassonvillei subspecies and the N. alba species group.
It is also interesting that the presence of succinic acid with a free carboxyl group in the teichoic acid of N. dassonvillei subsp. albirubida, in contrast to N. dassonvillei subsp. dassonvillei, should make its cell wall more anionic than that of the latter. This fact undoubtedly in£uences the cell wall peculiarities and functions, which are associated with ion exchange, control of the activity of autolytic enzymes, bacteriophage recognition, etc. This served as an additional valuable argument for elevation of the strain N. dassonvillei VKM Ac-1882 T to separate subspecies level and reclassi¢cation as N. dassonvillei subsp. albirubida [40].
Di¡erentiating characteristics of Nocardiopsis species
and subspecies based on the products of chemical degradation of cell wall teichoic acids
Along with the fully identi¢ed structures of cell wall teichoic acids, the main products of acid and alkali degradation of the common fraction of the polymers in each Nocardiopsis species and subspecies can be used to identify Nocardiopsis strains at the intrageneric level. As shown in Table 3 , the species and subspecies of the genus di¡er by acid hydrolysate patterns composed of various combinations of glycerol, ribitol, glucose, glucosamine, galactosamine, pyruvate, and succinate. All these compounds can easily be detected using chromatographic methods. Determination of some diagnostic products of alkaline hydrolysates of whole fractions of the polymers (glycerol, ribitol, their mono-, di-, triphosphates and two di¡erent phosphodiesters) increases the taxonomic resolution of this approach and reliability of identi¢cation of the polymers and the respective taxa. For instance, N. alba and N. listeri, which are characterized by similar pro¢les of acid degradation products, can be di¡erentiated from each other by mono-and diphosphates of ribitol in the products of alkaline hydrolysis. While galactosamine in acid hydrolysates of teichoic acids is characteristic of both N. dassonvillei subspecies, the phosphorus ester E-3 (consisting of two glycerol residues, one N-acetylgalactosaminyl residue, and three phosphate groups) in alkaline hydrolysates of the polymers is a reliable marker of N. dassonvillei subsp. b Phosphodiester containing two glycerol residues, one N-acetylgalactosamine, and three phosphate groups:
dassonvillei, the most widely occurring member of the genus. The species N. trehalosi is well recognizable by the presence of glucose in acid hydrolysate. Some diagnostic components of teichoic acid can be detected in acid hydrolysates of whole cell walls without the extraction of pure polymers. This approach gives a simple key for identi¢cation of the members of the genus Nocardiopsis in microbiological practice. The products of acid hydrolysates of whole cell walls, i.e., glycerol, ribitol, succinate, or pyruvate, combined with the menaquinone composition and growth temperatures (Table 4) , are extremely helpful characteristics for identi¢cation of the Nocardiopsis species and subspecies discussed. Three other validly described species of the genus, N. halophila, N. kunsanensis and N. synnemataformans, in which teichoic acids have not yet been studied, are clearly distinguished from other species by their resistance to high concentrations of salt, menaquinone composition, and morphological features [39, 42, 53] .
7.
13 C NMR spectra of teichoic acids are indicative of intrageneric taxa of the genus Nocardiopsis
Comparison of 13 C NMR spectra of teichoic acids composing the cell walls of Nocardiopsis species and subspecies shows that they are signi¢cantly di¡erent (Fig. 2, Table 5 ), and therefore the respective polymers are recognizable without chemical analyses. This section demonstrates the individualities of polymer 13 C NMR spectra of Nocardiopsis spp. and o¡ers another way to identify the organisms of the genus based on their cell wall teichoic acid composition.
7.1.
13 C NMR spectra of teichoic acids of the N. dassonvillei subspecies
The spectrum of teichoic acids of N. dassonvillei subsp.
dassonvillei, alternating units of poly(glycerol phosphates) and poly(glycosylglycerol phosphates), is typical of a regular polymer, containing signals with the same integral intensities (Fig. 2a , Table 5 ). Some signals were broadened or split into doublets or triplets owing to the interaction with 31 P nuclei. The total number of signals in the spectrum was 14 (taking into account the multiple intensity of some of them, e.g., at 67.3 [91] .
The 13 C NMR spectrum of teichoic acids of N. dassonvillei subsp. albirubida is complex due to the presence of two sets of chemical shifts of carbon atoms: one arises from the repeating units carrying the O-succinyl residue, the other from the repeating units free of the acid residue (Fig. 2b, Table 5 ). The peculiarity of the 13 C NMR spectrum of this subspecies is the presence of signals of succinic acid at 31.9 and 32.7 ppm (C-2 and C-3, respectively). The non-stoichiometric amount of this substituent provides a spectrum typical of polymers with a masked regularity of the structure [92] .
7.2.
13 C NMR spectrum of teichoic acid of N. trehalosi
The 13 C NMR spectrum of teichoic acids of N. trehalosi was typical of 1,3-poly(glycerol phosphate) partially substituted with a sugar [60] . The signals at 67.4^67.7 ppm are characteristic of 1,3-poly(glycerol phosphate) chains. However, the signals are shifted to a higher region of the spectrum when glycerol residues are substituted in position 2 by sugar residues (66.4^66.0 ppm). There are typ- Fig.  2c , Table 5 ).
7.3. 13 C NMR spectrum of teichoic acid of N. tropica
The characteristic of the spectrum of N. tropica is the presence of signals of ribitol phosphates and glycerol phosphates simultaneously (Fig. 2d, Table 5 ), combined with a signal at 78.5 ppm typical of ribitol C-3 bound to phosphorus, as well as the signal from C-1 of glycerol-3-phosphate (63.6^64.1 ppm) [71] .
7.4.
13 C NMR spectra of teichoic acids of the N. alba group The 13 C NMR spectrum of 3,5-poly(ribitol phosphate) (TA1) of N. alba and N. prasina contains ¢ve main signals; some of them have a characteristic splitting at phosphorus atoms. The signal at 78.6 ppm is typical ofĈ HOP^groups, while the signal at 68.3 ppm is characteristic of^CH 2 OP^groups (Fig. 2e, Table 5 ) [74, 75] . The 13 C NMR spectra of TA2 (N. alba, N. prasina, N. listeri, and N. lucentensis) are typical of 1,3-poly(glycerol phosphate) partially substituted with a sugar. The signals at 67.4^67.7 ppm are characteristic of 1,3-poly(glycerol phosphate) chains. The signals are shifted to a higher region of the spectrum when glycerol residues are substituted in position 2 by sugar residues (66.4^65.7 ppm). There is a typical signal in the resonance region of anomeric carbons at 98.0 ppm and the signal of carbon bearing nitrogen at 55.0 ppm for K-D-N-acetylglucosamine (Fig. 2f , Table 5 ) [74, 75] .
The spectrum of the pyruvilated 1,5-poly(ribitol phosphate) (TA3) of N. alba and N. listeri is easily de¢nable by the presence of six main signals, three of them belonging to a pyruvic acid residue and the other three originating from a symmetric substituted ribitol residue with an intensity ratio of 2:2:1 for the signals C-1,5, C-2,4 and C-3, respectively (Fig. 2g, Table 5 ) [60, 74] .
Thus, taking into account the speci¢city of 13 C NMR spectra, they may be considered ¢ngerprints of species and subspecies and used fruitfully for identi¢cation of new strains of the genus Nocardiopsis. The generation of a database of the NMR spectra of other bacterial groups and development of this approach to bacterial systematics could o¡er a simple tool for identi¢cation of microorganisms in routine taxonomic practice for the future.
Conclusion
This review demonstrated that the structures and combinations of the cell wall teichoic acids, as well as products of chemical degradation of the polymers and the 13 C NMR spectra, are indicative of the species and subspecies of the genus Nocardiopsis and can be used as taxonomic markers or ¢ngerprints. The data presented and the results of studying cell wall teichoic acids in other groups of Gram-positive bacteria suggest that these polymers can be reliable taxonomic tools for support of phylogenetic delineation of bacterial taxa and for a more focused identi¢cation of organisms at di¡erent taxonomic levels. Structures and structural elements of cell wall teichoic acids seem to be especially valuable for phenetic di¡erentiation and description of species, when the traditional di¡erenti-ating properties are variable or indistinct. Further comparative studies of teichoic acids in the organisms of di¡erent groups and the development of simple and e¤cient methods for the identi¢cation of the polymers, accompanied by Fig. 2 . 13 C NMR spectra of teichoic acids found in the Nocardiopsis species and subspecies. revision and approval of bacterial species and genera by genomic and phenetic data, will be of great importance in the polyphasic approach to bacterial taxonomy, which represents the state-of-the-art approach in the unambiguous phenetic circumscription of taxa, and will lead to a more focused identi¢cation of strains in practice.
